The discovery of habitable zone (HZ) planets around low-mass stars has highlighted the need for a comprehensive understanding of the radiation environments in which such planets reside. Of particular importance is knowledge of the far-ultraviolet (FUV) radiation, as low-mass stars are typically much more active than solar-type stars and the proximity of their HZs can be one tenth the distance. The vast majority of the flux emitted by low-mass stars at FUV wavelengths occurs in the Lyman-α line at 1216Å. However, measuring a low-mass star's Lyman-α emission directly is almost always impossible because of the contaminating effects of interstellar hydrogen and geocoronal airglow. We observed Ross 825 (K3) and Ross 1044 (M0), two stars with exceptional radial velocities, with the STIS spectrograph aboard the Hubble Space Telescope (HST). Their radial velocities resulted in significant line shifts, allowing for a more complete view of their Lyman-α line profiles. We provide an updated relation between effective temperature and Lyman-α flux using Gaia DR2 astrometry as well as updated, model-independent relationships between Lyman-α flux and UV flux measurements from the Galaxy Evolution Explorer (GALEX) for low-mass stars. These new relations, in combination with GALEX's considerable spatial coverage, provide substantial predictive power for the Lyman-α environments for thousands of nearby, low-mass stars.
INTRODUCTION
Both K and M type stars have distinct advantages for studying exoplanets. M dwarfs are the most abundant stars in the Galaxy (Bochanski et al. 2010) , have large planet occurrence rates (Dressing & Charbonneau 2015; Hardegree-Ullman et al. 2019; Tuomi et al. 2019) , have numerous observational advantages for exoplanet characterization, and have therefore emerged as targets for current and future exoplanet investigations. K dwarfs, while not as numerous as M dwarfs, also have substantial planet occurrence rates (Mulders et al. 2015) and the reduced X-ray and UV radiation incident on HZ planet atmospheres around K dwarfs has led some to suggest that K dwarfs might be the most promising targets for the detection of biology outside of our solar sys-Corresponding author: Adam C. Schneider aschneid10@gmail.com tem (Heller & Armstrong 2014; Cuntz & Guinan 2016; Richey-Yowell et al. 2019; Arney 2019) . For these reasons, understanding the properties of both K and M dwarfs is an essential component of current and upcoming planet-hunting missions such as TESS and PLATO (Rauer et al. 2014; Ricker et al. 2015) .
The UV radiation emitted by low-mass stars can chemically modify, ionize, and even erode a planetary atmosphere over time, drastically affecting their habitability (Kasting et al. 1993; Lichtenegger et al. 2010; Segura et al. 2010; Hu et al. 2012; Luger & Barnes 2015) . Furthermore, several studies have shown that incident UV flux could lead to the formation of abiotic oxygen and ozone, resulting in potential false-positive biosignatures (Domagal-Goldman et al. 2014; Tian et al. 2014; Harman et al. 2015) . The most prominent FUV emission line, Lyman-α (Lyα; λ1215.67Å), comprises ∼37%-75% of the total 1150-3100Å flux from most late-type stars . Because Lyα can affect the photodissociation of important molecules such as H 2 O and CH 4 , any photochemical models assessing potential biosignatures or atmospheric abundances will require accurate Lyα host star flux estimates (e.g., Rugheimer et al. 2015) .
In almost all cases, Lyα cannot be directly observed because of 1) attenuation of photons by optically thick Hydrogen absorption located in the intervening interstellar medium (ISM) and 2) contamination from Earth's own Lyα geocoronal airglow. In fact, there exists only one complete Lyα spectrum in the HST archive, that of Kapteyn's star (an M1 subdwarf; . With radial velocity (RV) of 245 km s −1 , its stellar Lyα emission feature is shifted out of the geocoronal line core and ISM absorption.
For all other stars, Lyα emission may only be estimated. Wood et al. (2005) reconstructed Lyα fluxes by determining interstellar Hydrogen column densities and velocities inferred from deuterium and metal lines. Alternatively, reconstructions have been performed by fitting 1 or 2 Gaussians to what remains of the wings of the Lyα profile (France et al. 2012; Youngblood et al. 2016 Youngblood et al. , 2017 . Such reconstructions have been used extensively to produce correlations between Lyα fluxes and other spectral emission lines ) and broadband UV photometry from GALEX (Shkolnik et al. 2014 ). These correlations have been used to evaluate the capabilities of different spectral types to develop and sustain life (e.g., Cuntz & Guinan 2016).
The lack of observational Lyα constraints on low-mass stars has limited progress in predicting the environments that surround them. In an effort to further inform models of low-mass stellar UV flux levels, we have extended the observational sample of stars for which the shape and majority of Lyα flux can be measured beyond just Kapteyn's star. We identified two low-mass targets, Ross 825 (K3) and Ross 1044 (M2).
TARGET SAMPLE
Targets for this program were chosen based on their spectral types (later than K0), distances (within 100 pc), and large absolute radial velocities. We chose a radial velocity threshold of 150 km s −1 , which results in a ≈0.6 A wavelength shift of the Lyα emission line. Such stars are rare because the vast majority of low-mass stars in the solar neighborhood have absolute radial velocities less than 50 km s −1 . Shkolnik et al. (2012) found an average radial velocity of 1.6 km s −1 with a standard deviation of 23.9 km s −1 for a sample of 159 M dwarfs within 25 pc.
We identified two targets, Ross 825 and Ross 1044, that satisfied these criteria and were bright enough to acquire a suitable signal-to-noise ratio (S/N) in a reasonable amount of HST time. The properties of these two stars are summarized below.
Ross 825
Ross 825 was first identified as a high proper motion star by Ross (1929) , who estimated a total proper motion of 0. 48 yr −1 . Bidelman (1985) compiled spectral classifications determined by G. P. Kuiper and published a spectral type of K3 for Ross 825. Ross 825 was also noted as a close visual double in that work. The radial velocity of Ross 825 was first measured in Carney & Latham (1987) , who determined a value of -340.68 km s −1 .
Gaia observations (Gaia Collaboration et al. 2016 , 2018 of Ross 825 confirmed the binary nature of this source (separation ≈1. 6) and its radial velocity (-340.16±0.67 km s −1 ). It is also resolved as a binary in the STIS acquisition images acquired through this investigation. Stassun et al. (2018) provided an effective temperature estimate (T eff ) of 4680±177 K, which corresponds to a spectral type between K3 and K4 (Pecaut & Mamajek 2013), consistent with its measured spectral type. Schuster et al. (2006) provided Stromgren ubvy-β photometry of Ross 825 and determined a photometric metallicity of [Fe/H] = -1.28 based on empirical relations. An [Fe/H] value of -1.28 implies an age >10 Gyr according to the models of Dotter et al. (2017) , which is supported by its large absolute radial velocity. Relevant properties of Ross 825 are summarized in Table 1 .
Ross 1044
Ross (1939) identified Ross 1044 as a high proper motion star with a total proper motion of 1. 27 yr −1 . A spectral type of K7 was first published for this star in Bidelman (1985) . Newton et al. (2014) determined a near-infrared spectral type of M2 for Ross 1044. We determine a spectral type of M0 by comparing the publicly available optical spectrum from the Palomar/MSU survey to SDSS standards (Bochanski et al. 2010 ). Ross 1044 was found to have a large absolute radial velocity in the Palomar/MSU nearby star spectroscopic survey (-159.1 km s −1 ; Reid et al. 1995) . This radial velocity was confirmed in Newton et al. (2014) (-174±5 km s −1 ) and Gaia DR2 (-169.55±1.80 km s −1 ). Ross 1044 was also found to have a low metallicity ([Fe/H] = -1.01±0.21; Newton et al. 2014) , which is consistent with an age >10 Gyr (Dotter et al. 2017 ). This star also showed no clear signature of Hα either in emission or absorption in the optical spectrum from the Palomar/MSU survey . Note that while Ross 1044 has a measured radial velocity in Gaia DR2, 
OBSERVATIONS
We observed Ross 825 and Ross 1044 during HST Cycle 25 with the Space Telescope Imaging Spectrograph (STIS) aboard HST (PID #15286). For these observations, STIS is preferred over the Cosmic Origins Spectrograph (COS) because COS is a slitless spectrograph, which results in heavy contamination in the Lyα region from geocoronal emission. We employed the G140M grating (R ∼11400) with a 52 × 0. 1 slit. For each observation, we set the central wavelength to 1222Å. Observing dates and total exposure times are provided in Table 2 .
For several of the visits for each object, the HST calstis pipeline failed to locate the correct location of the star. For both stars, we determined trace positions manually and reran the calstis pipeline for every visit. For Ross 825, one visit was especially noisy and a trace position could not be determined. These data are not included in the final spectrum. Final spectra were produced by coadding the spectra for each visit together for each star and are shown in Figure 1 . While the binary nature of Ross 825 was seen in the STIS acquisition images, the Lyα spectrum comes solely from the primary component of this system. All subsequent analysis of Ross 825 corresponds exclusively to the primary object of this pair.
ANALYSIS

Lyα Line Profiles
For both Ross 825 and Ross 1044, the majority of their Lyα emission is directly measured with our STIS observations. However, neither target is immune to intervening ISM absorption. For this reason, ISM modeling is necessary to retrieve the intrinsic Lyα flux for both stars. Following Bourrier et al. (2015) , we model the ISM using Voigt profiles for both atomic hydrogen and deuterium. We fix the D I/ H I ratio to 1.5 × 10 −5 (Hébrard & Moos 2003; Linsky et al. 2006) . We fix the radial velocity of the Lyα emission to the stellar radial velocity measurements given in Table 1 . Free parameters then include the intrinsic Lyα flux, the column density of hydrogen, and the radial velocity of the intervening ISM. While there may be multiple ISM components along the line of sight to each star, we model them as a single component.
Whether or not intrinsic Lyα line profiles contain a self-reversal, making them single-or double-peaked, is a large source of uncertainty for Lyα reconstructions, leading to flux differences as large as 30% . For strong lines, such as Lyα, the emission in the wings and the core of the line can form in different atmospheric layers, leading to self-reversals in the core (Peacock et al. 2019 ). While the Sun shows a self-reversal in its Lyα core, Youngblood et al. (2016) argue that M dwarf Lyα profiles should be single-peaked because M dwarf Mg II profiles show signs of self-absorption. However, we note that the presence of reversals in observed Mg II line cores of M dwarfs is also a consequence of spectral resolution. Fontenla et al. (2016) presented a STIS/E230H spectrum of the M2 star GJ 832, which shows clear signs of reversals in its Mg II line cores. These reversals are not seen in the MUSCLES NUV spectra (see Figure 5 of France et al. 2016) , which were taken with the COS/G230L setting, which has ∼1 order of magnitude less spectral resolution than STIS/E230H. Our STIS spectra have resolutions similar to COS/G230L. All models are convolved with the STIS line spread function to compare to observations. For Ross 1044, the Lyα line shows a clear Gaussian shape, and the peak of the Lyα emission occurs at the same RV as the stellar RV measurement. Ross 825, on the other hand, has Lyα emission peaking approximately 60 km s −1 away from the measured stellar RV, suggestive of a double-peaked profile. We therefore model our M dwarf target (Ross 1044) without a self-reversal and explore models with and without self-reversals for our K dwarf target (Ross 825) . Note that a similar RV offset between peak Lyα emission and the stellar RV is seen for Kepler-444 (spectral type = K1), which has a radial velocity of -121.4 km s −1 (Dupuy et al. 2016) . Bourrier et al. (2017b) found that the Lyα emission for Kepler-444 is best fit by a double-peaked profile.
For Ross 1044 we use a model consisting of two Gaussians, one strong and narrow and the other weaker and broad, following Youngblood et al. (2016) . We also fit the Ross 825 data with two Gaussians, though the second Gaussian in this case is subtracted from the first to account for the presence of a self-reversal in the line core. We find posterior distributions for each model parameter using the emcee package (Foreman-Mackey et al. 2013). Fore each fit, we run 1000 walkers with 1000 steps, treating the first 300 steps as the burn in sample. For both objects, we also performed a fit with a single Gaussian, and the two-Gaussian solution is preferred in both cases according to the Bayesian Information Criterion (BIC). For Ross 825, we also attempted a three-Gaussian fit -broad and narrow profiles as with Ross 1044 and a third component subtracted out. Again, the BIC prefers the two-Gaussian model compared to the three-Gaussian case. Our model fits imply that our STIS observed spectra recovered ∼74% and ∼63% of the total intrinsic Lyα flux for Ross 1044 and Ross 825, respectively. These percentages are significantly higher than that typically seen for field M dwarfs, which is usually 30% . The best fitting profiles are shown in Figure 1 with best fit parameters given in Table 3 and the resulting Lyα fluxes are provided in Table 6 .
DISCUSSION
Lyα Variability of Ross 1044
Ross 1044 has sufficient S/N in each of the six visits to investigate for variability in the strength of the Lyα line. In Figure 2 , we plot the the individual spectra from each visit, as well as our combined final spectrum. While the general shape and flux is similar for each of the six visits, the total flux for the first three visits is less than that from the last three visits. We quantify this by summing up the total flux in each visit, then normalizing to the total flux from the final combined spectrum, with uncertainties calculated in a Monte Carlo fashion. We find that the total flux varied by ∼20% between the smallest and largest flux values measured. Note that there exists a STIS "breathing" effect, which can cause variability within HST orbits (Brown et al. 2001; Sing et al. 2008 ). This effect should be mitigated by the use of spectra averaged over each visit. The Lyα variability of Ross 1044 is consistent with that seen in the Lyα line of GJ 1132, where a variability up to 22% is seen (Waalkes et al. 2019) and Kepler-444, where variability of 20-40% is seen between visits ). This is also consistent with the variability seen in other UV spectral lines in Loyd & France (2014) , where variability from 1-41% is measured. The number and cadence of our observations prevents us from determining the cause of Ross 1044's variability (e.g., rotational modulations, flares). A dedicated monitoring campaign could pinpoint the cause of this variability.
Lyα Correlations
Correlating intrinsic Lyα fluxes with stellar properties gives us insight into the behavior of high energy emission of stars in various evolutionary and temperature regimes. Relationships between stellar properties and Lyα flux values can also provide a powerful means to predict Lyα fluxes for stars without Lyα observations. Linsky et al. (2013) showed a correlation between stellar effective temperature (T eff ) and Lyα flux. We revisit this relationship here to include additional measurements published since that paper as well as Ross 825 and Ross 1044. These additions increase the entire sample size by ∼30%, with 47 Lyα measurements used in Linsky et al. (2013) and 61 used in this work, two of which are new measurements. We also use updated T eff measurements as well as more precise parallaxes from Gaia DR2 (Gaia Collaboration et al. 2016 Collaboration et al. , 2018 . Table  6 lists these properties (T eff , age, parallax) and intrinsic Lyα fluxes for all stars with Lyα flux measurements. For Kapteyn's Star, directly measured a Lyα flux of 5.32 × 10 −13 erg s −1 cm −2 , though no uncertainty is provided for this measurement. We assume an uncertainty of 5% for this directly measured line. Figure 3 shows the Lyα flux for each star in Table  6 scaled to 1 AU versus their effective temperatures. While Linsky et al. (2013) partitions different stellar samples based on their rotation rates, we instead choose to use age because age measurements are more readily available for this sample. We note that determining precise stellar ages is a challenging process, and many different methods can be used depending on the star in question and the data available for that star. All ages used in this work are provided in Table 6 . For more information on how a particular age was determined, please refer to the reference provided in the table. There is a clear difference between young (<1 Gyr) and old (>1 Gyr) samples in Figure 3 . Lyα emission is typically much stronger from young stars than old stars with similar T eff values. For old stars, a very clear trend of decreasing Lyα flux strength with decreasing T eff can be seen. We fit this trend using a least-squares optimization approach, with uncertainties handled in a Monte Carlo fashion. We find: log 10 (F Lyα ) 1AU = (6.754±0.263)×10 −4 (T eff )−2.639 ± 0.137.
Lyα Behavior with Effective Temperature
(1) The RMS scatter about the fit is ∼0.21 dex. We also plot in Figure 3 the Lyα flux scaled to the HZ for each target. The distance to the HZ for each star is calcu- lated using their effective temperatures and radii listed in Table 6 and equations 4 and 5 of Kopparapu et al. (2013a) and the updated coefficients in Kopparapu et al. (2013b) . The HZ distance is taken as the average value between the distances to the moist greenhouse and maximum greenhouse boundaries. While the relation between Lyα flux and T eff flattens out for this sample, it is notable that the slope of this relation positive, implying that, in general, the Lyα flux in the HZ increases with decreasing T eff . The relationship between Lyα HZ flux and T eff is:
log 10 (F Lyα ) HZ = (−1.601±0.243)×10 −4 (T eff )+1.804 ± 0.126.
(2) The RMS scatter about the fit is ∼0.19 dex.
Predicting Lyα Fluxes with GALEX Photometry
Because Lyα emission is impossible to measure directly for almost all stars, and even indirect methods, such as reconstructions, require valuable HST time, correlations between Lyα fluxes and other activity indicators are immensely valuable as predictive tools. Shkolnik et al. (2014) used GALEX photometry and reconstructed Lyα emission profiles from Wood et al. (2005) , France et al. (2012 France et al. ( , 2013 , and Linsky et al. (2013) to show trends between NUV and FUV photometry and the reconstructed Lyα fluxes for K and M dwarfs. We update these correlations with precision parallaxes from Gaia and new and updated Lyα fluxes from this work, , Youngblood et al. (2016) , and Youngblood et al. (2017) . The new NUV relation contains three objects not included in the Shkolnik et al. (2014) relation; Ross 1044, Kapteyn's Star, and GJ 176. We also produce these new correlations using flux at 1 AU instead of excess surface flux as in Shkolnik et al. (2014) , which avoids any uncertainties from model photospheric flux and radius estimates. Thus for the NUV relation, we only include stars where the photospheric NUV flux is negligible, namely M stars (at all ages) and young K stars (Schneider & Shkolnik 2018 , Richey-Yowell et al. 2019 . Table 4 summarizes all observed Lyα flux measurements for M stars and young K stars with NUV detections in GALEX. Note that there are many young K dwarfs from Table 4 that were observed by GALEX, however the majority of the sources were saturated (NUV < 15 mag), and are thus not included here. For objects that have detections from multiple GALEX surveys, the magnitudes presented in Tables 4 and 5 are the weighted average of their flux densities, converted back to magnitude. Figure 4 shows a comparison of the the Lyα flux values versus GALEX NUV flux values at 1 AU. We perform a least-squares fit to the data and find the following relation between Lyα flux and GALEX NUV fluxes: log 10 (F Lyα ) = (0.701±0.019) * log 10 (F NUV )+0.193 ± 0.043.
(3) Uncertainties for the fit are determined in a Monte Carlo fashion. The RMS scatter about this fit is 0.10 dex. Some nearby, low-mass stars are too bright for reliable GALEX NUV measurements. For these stars, it may be possible to use FUV fluxes. We plot GALEX FUV fluxes versus Lyα fluxes in Figure 4 , with FUV data given in Table 5 . All K and M dwarfs with unsaturated GALEX FUV measurements are included in the FUV relation, with the total number of stars used increasing from 10 in Shkolnik et al. (2014) to 13 in this work with the addition of HD 97658, HD 40307, and GJ 176. We perform a fit using the same methods as for GALEX NUV data and find: log 10 (F Lyα ) = (0.742±0.038) * log 10 (F FUV )+0.945 ± 0.053.
(4) The RMS scatter about this fit is 0.13 dex. The utility of these correlations can be far-reaching, as GALEX has archived flux measurements for thousands of late-K and M dwarfs in the solar neighborhood (e.g., Ansdell et al. 2015 , Jones & West 2016 , Kastner et al. 2017 , Miles & Shkolnik 2017 , Schneider & Shkolnik 2018 , Richey-Yowell et al. 2019 ).
CONCLUSION
We presented HST/STIS observations of Ross 1044 and Ross 825, two low-mass stars with sufficient to directly observe the majority of each star's intrinsic Lyα flux (∼74% for Ross 1044 and ∼63% for Ross 825). We combined these new Lyα measurements with updated astrometric information and physical parameters to explore the relationship between Lyα flux and T eff . We also constructed new correlations between Lyα fluxes and GALEX UV photometry.
Astrometric missions such as Gaia will soon reveal numerous additional nearby stars with radial velocities for which such observations are possible. High-RV targets are the only way to directly observe the majority of the Lyα flux from low mass stars. While the exact RV value needed depends on a target's distance and the ISM properties towards that target, a minimum absolute value of ∼100 km s −1 , corresponding to a wavelength shift of ≈0.4Å, is likely necessary. Of the ∼73 thousand stars within 50 pc with radial velocity measurements in the Gaia DR2 catalog, only 120 (0.16%) have radial velocities >100 km s −1 . Each of these objects are thus invaluable as laboratories for investigating the UV environments of nearby stars. 10 -2 10 -1 10 0 10 1 10 2 10 3 F NUV at 1 AU (erg cm −2 s −1 ) 
